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ABSTRACT

The interaction of a premixed C2H4-air flame with a Kirmin vortex

street was studied. Laser Doppler anemometry was used for velocity

measurements and Rayleigh scattering was used to measure total gas den-

sity. A reference hot-wire was used to enable phase-locked ensemble

averaging to be performed on the data. The velocity measurements, for

vortex shedding cylinder Reynolds numbers (UD/v) = 73 and 110, indicated

that the vortex street and, hence, the flow field upstream of the flame

is deflected by the flame. This is due to the pressure drop across the

flame which is necessary to accelerate the flow behind the flame. The

vortices were not observed behind the flame. The combination of dila-

tation and increased dissipation "consumed" the vortices. Density

statistics obtained from Rayleigh scattering measurements were compared

with predictions by the Bray-Moss-Libby (B-M-L) model which neglects

intermediate states. Density fluctuations were overpredicted by the

B-M-L model by a small amount for (UD/v) = 73 and 110. The flame was

essentially a wrinkled-laminar flame for these conditions. However,

for (UD/v) = 500 the flame consisted of a distributed reaction zone

and intermediate states accounted for as much as 80% of all states

encountered in portions of the flame. The B-M-L model significantly

overpredicted density fluctuation statistics for this condition. A

qualitative comparison was made with numerical calculations by Karasalo

and Namer for the time dependent interaction of a flame with an ideal

Kfirmn vortex street and suggestions for improving the model were made.

Nevertheless, considering the significant differences in details between

this experiment and the numerical calculations, the general behavior of

the measured and calculated flames was comparable.

i.
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CHAPTER 1: INTRODUCTION

In recent years the world has become conscious of the fact that

traditional energy sources, i.e. fossil fuels, are finite and

dwindling and that new renewable sources of energy must be found and

implemented. It is imperative, in the meantime, that conservation

measures be taken in order to prolong the lifetime of fossil fuel

supplies. To this end, the engineering community has been required

to reassess the criteria and methods for designing combustion powered

power plants, whether it be a jet engine, a utility boiler, or an

internal combustion engine. This reassessment has emphasized the

need for a better understanding of the relationships between the con-

bustion process and fluid mechanics which, in almost all practical

combustors, consists of a turbulent flow.

The effects of fluid mechanical turbulence on premixed combustion,

most apparent of which are the large increase in effective flame speeds

and volumetric burning rates, have been studied both theoretically

and experimentally for many years. These studies are extensively

reviewed by Karlovitz [1], Scurlock and Grover [2], Williams [3], and

Andrews et al. [4]. However, progress has been impeded by a limited

understanding of turbulence even in isothermal flows as well as by

the lack of diagnostic probes capable of providing accurate time-

resolved velocity, density, temperature, and concentration fields in

a combustion environment. Recently, Rayleigh scattering and laser

Doppler anemometry have been developed as non-intrusive diagnostic

techniques to measure space and time resolved density and velocity,
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respectively [5-8]. These techniques were applied in this study to

investigate the interaction of a premixed flame with a Kdrmdn vortex

street, an idealization of a turbulent flow.

Oamkohler [9] was the first to study the effect of turbulence on

flame propagation. He defined two limiting conditions. The first

occurs at relatively low Reynolds numbers [4,10] where the length

scales of the turbulence are much larger than the laminar flame thick-

ness. The effect of turbulence in this case is simply to wrinkle an

otherwise laminar flame (hence the name "wrinkled-laminar flame model")

and increase the effective flame speed by increasing the flame's sur-

face area. The second regime occurs for Reynolds numbers for which

the length scales are smaller than the flame thickness. In this case

the. turbulence serves to increase heat and mass transport within the

reaction zone. It has been suggested [11] that for this regime the

effect of turbulence may be modelled by replacing molecular diffusi-

vities by turbulent eddy diffusivities. These and other models based

on the original ideas of Damkohler have had very limited success in

correlating experimental data. Karlovitz et al. [12], for example,

obtained results which indicate increases in burning rates not

accountable by these theories and suggested that the flame was itself

a source of turbulence. The concept of flame-generated turbulence has

been advocated and subscribed to by various researchers [13-15], how-

ever, others [16-19] suggest there are large errors in most measure-

ments of turbulent flame speed. Since the concept of flame-generated

turbulence is invoked to explain the available data, it may be that
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the data were fnterpreted incorrectly and the concept of flame-gene-

rated turbulence may be inappropriate. Therefore the wrinkled-laminar

flame model may yet be a reasonable first approximation of some

turbulence-combustion interactions.

The major shortcoming of the wrinkled-laminar flame model is

that it is necessary to make assumptions about the geometry of the

wrinkling. The importance of these assumptions has been emphasized

by Clavin and Williams [20] among others [1,2,21-25]. The work done

by Markstein [21,23] and Peterson and Emmons [22] imply that the geo-

metry of wrinkling may be understood, at least in part, in terms of

flame stability. (Here flame stability refers to the growth or decay

of small perturbations and not to the flammability limits). Landau

[see Ref. 26] showed that a flame with constant flame speed is unstable

to disturbances at any wave number. However, Markstein [21] found

that assuming a dependence of the local flame speed on the local radius

of curvature, expressed mathematically as

SL' = SL(1 + IL/R) (1.1)

where SL is the one-dimensional premixed laminar flame speed, L is a

thermal length proportional to the flame thickness, R is the radius

of curvature, and p is the Markstein parameter, the flame was stable

to disturbances at wave numbers above some critical value. This has

been confirmed by Peterson and Emmons [221 and by the fact that stable

laminar flames can be produced. It appears that models, with suitable

modifications of the wrinkled-laminar-flame concept of turbulent flame
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propagation, may be obtained given a more detailed understanding of

the wrinkling process. Such models have had some success [20,27,28]

but there is still a need for experimental data to test and confirm

the models as well as to provide phenomenological bases for deve-

loping and improving these models. In the present study, with a view

toward advancing the understanding of the interaction of turbulent

eddies with flames, the interaction of an otherwise laminar flame

with a two-dimensional Kirmin vortex street was studied using Rayleigh

scattering and LDA. Although this is an idealization of a turbulent

flow, many of the important features of turbulent flame propagation

are exhibited [28,29].

The wake behind a cylinder for Reynolds numbers CRe D E U D/v)

between 40 and 5000 exhibits a fairly regular pattern of alternately

rotating vortices, known as a KArmn n vortex street. This phenomenon

has been studied extensively by many investigators (see the review by

Marris [30]). A result of the stability analysis of an ideal K~rmdn

vortex street [see Ref. 31], which consists of two staggered infinite

parallel rows of vortices whose strengths are equal but opposite in

sense (see Fig. 1.1) is that the only arrangement which exhibits

neutral stability is one in which h/ = 0.281. Fage and Johansen [32],

Rosenhead and Schwabe [33], Kovasznay [34], and Roshko [35,36],

measured the variation of the vortex shedding frequency with Reynolds

number and provided considerable data on the dependence of the

Strouhal number (St = f D/Ul on the Reynolds number. Kovasznay [34]

and Roshko [35] found that a stable, regular vortex street is obtained
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only for Reynolds numbers between 40 and about 150. Various authors

quote different values of the upper limit. This may be due to the

fact, not generally realized, that for Reynolds numbers below a

critical value the vortex street is not shed from the cylinder but

develops from a laminar wake instability [30,34]. When the Reynolds

number increases to some critical value, there is a transition and

the vortices begin to be shed directly from the cylinder. In this

transition regime vortex shedding becomes irregular but becomes

regular again once beyond it until the wake becomes turbulent.

Tritton [37] and Marris [30] suggest that the critical value of

Reynolds number for this transition is about 90. During this study

this transition was observed over a range of Reynolds numbers as low

as 75. The data of Roshko [35] suggests that he may have observed

this phenomenon at a Reynolds number of 150, although he attributed

the transition to scatter and not to a fundamental change in the fluid

dynamics.

The regularity of the vortex street permits the use of phase-

locked signal averaging to produce details of the complete two-dimen-

sional flow field as a function of time. Thus models for the wrinkling

geometry may be compared to these results and appraised as to how well

they predict the flame behavior for a relatively simple fluctuating

flow field with essentially one frequency and length scale. A

schematic of the problem studied is shown in Fig. 1.2. The fuel used

was ethylene, C2H4, for all the cases studied. The conditions at which

measurements were made are summarized in Table 1. Because of the

irregular nature of the wake for ReD = 500, ensemble averaging could
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not be performed on the measurements for this condition. Nevertheless,

statistical moments of density, such as the mean and the root-mean-

square (RMS), as well as spectra and probability density functions

(P.D.F.) were calculated for this condition as well as for the lower

Reynolds number cases. Only mean, RMS, and ensemble averaged velo-

cities were calculated from the LDA data.

In addition to the measurements and calculations mentioned, a

comparison was made with the predictions of the 3ray-Moss-Libby model

[14,38,39] for turbulent flame propagation. Bray and Moss [39] derive

transport equations for a Favre averaged reaction progress parameter,

c and find that all statistical properties depend on state variables

only, and these state variables depend solely on c and a heat release

parameter, T. Assuming fast chemistry, the intermediate states are

neglected. The reaction progress parameter is defined by

- (1 + Tc) (1.2)Pu

where pu is the unburned gas density and
tu

b P U

T = -- (1.3)Pb

where Pb is the density of the burned gas. From eqns. (1.2) and (1.3)

the time averaged density is

: (1 + (1.4)Pu

.1
--l o.. . . .. . .. Y7 T



7

The ratio of the Favre averaged to time averaged density is then

-2 -2 2-l.a2 2 + Tc

and the density fluctuation intensity i.s

1/2 1/2

(p
PU PU + - (1.5b)

In the present experiment the quantities c, p, p, (7Pl/2 and T were

calculated from the density measurements and compared with eqn. (1.5).

It should be noted that eqns. (1.2) - (1.5) impose no restriction

on' the turbulence. The only assumption involved is that the flame be

treated as a flame sheet and intermediate states neglected. This

assumption is more valied for wrinkled-laminar flames than for highly

turbulent flames where there will be a thicker, more diffuse reaction

zone. Since Libby and Bray [381 apply this model to highly turbulent

flames, their predictions may be somewhat less accurate. However, since

some of the flames considered here should be in the wrinkled-laminar-

flame regime, the flame sheet approximation seems appropriate and

eqns. (1.2) - (1.5) should be valid. In fact, Bray and Moss [39]

comment that the approximation of negligible intermediate state

"should be applicable to situations where wrinkled-laminar flame and

related physical models are valid. On the other hand, if combustion

f-
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corresponds more closely to a distributed reaction model, [inter-

mediates] will tend to be large, and the ... approximation will not

be valid...".

V!

0*!

-.-...
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CHAPTER 2: EXPERLIJE1TAL APPARATS ANO TCHNIQIJE

Flow Apparatus

The test section consisted of an open jet wind tunnel. A coaxial

jet was used in which the premixed gases of ehtylene and air flow

through the inner jet. The diameter of the inner jet at the exit of

the nozzle was 51 mm. An outer coaxial annular jet with an outside

diameter of 102 mm was used to shield the inner flow from mixing with

the stagnant surroundings. The flow velocity of the inner and outer jets

were matched using the output of calibrated DISA hot-wire 55P11 and 55001

anemometer system. The flow rates were also monitored using standard

rotameters or a calibrated standard orifice meter. A 200 mm diameter

stagnation chamber, 400 mm in length, was used to quiet the inner flow.

There were three 16 mesh screens inside the chamber to subdue any tur-

bulence in the flow. The flow for the outer jet was introduced into

the outer nozzle via twelve 10 mm inlets to uniformly distribute the

flow. In addition the flow passed through two 50 mesh screens, again

to subdue any residual turbulence. The air was obtained from the

high pressure house air supply. The ehtylene was supplied from

standard bottles.

In order to further shield the test section from room currents

and other disturbances a chimney about 150 mm high was used to

partially enclose the test section. Access for collection optics was

provided by making one of the walls a 3 mm thick pyrex window. Part

of the chimney was left open in order to provide access for the laser

I
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access was provided by windows of standard quality, the light scattered

by sub-surface micro-fractures would be collected and give a background

signal which could be larger than the Rayleigh scattering signal.

Under such conditions, Rayleigh scattering measurements would be quite

difficult to make with any appreciable accuracy. The chimney and test

section may be seen in the picture in Fig. 2.1.

Rayleigh Scattering

Rayleigh scattering is the scattering of photons by elastic

collisions with particles which are small compared to the wavelength

of light. The total Rayleigh scattering intensity is directly pro-

portional to the number of scatterers and, when applied tb gases,

will be proportional to the number density.

The Rayleigh scattering intensity is given by [5],

I
I R = C I N E Xi 'Ri (2.1)

where C is a calibration constant for the optics, I is the incident

laser intensity, N is the total number density of the gas, Xi is the

mole fraction of species i, and aRl is the Rayleigh scattering cross-

section of species i. aRi is given by [41],

T L_ si e (2.2)

Ii' r



where the depolarization is assumed to be zero [42]. ) is the laser

wavelength, ni is the index of refraction of species i at S.T.P., no

is the Loschmidt number, and 9 is the scattering angle as measured

from the electromagnetic field vector.

It is convenient to non-dimensionalize the scattering intensity

by the Rayleigh scattering at known conditions. Denoting this reference

condition with subscript o the normalized intensity becomes

I " i "RiIR N (2 .3)
rRo 0 o (E Xi cyRi ° Jo.

i

Substituting eqn. (2.2) into eqn. (.2.3), one obtains

):

I ~ " X i( ni-1) 2

R 1 (2.4)SIR N i11r
TRo No (Z ×i(ni-I)2) 2

Si *

Eqn. (2.4) shows that changes in the relative magnitude of Rayleigh

scattering intensities are due to both changes in total number density

and changes in chemical composition with accompanying changes in the

index of refraction. With N - p/W, where p is the gas density and W

is the mean molecular weight, eqn. (2.3) becomes

I_________"_________m____
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Z_ I
R P- o i X - - (2.5)

1

To investigate to what degree Rayleigh scattering could be used as a

direct measure of density Namer and Schefer [43] carried out calcula-

tions which indicated that for premixed C2H4-air flames at an equiva-

lence ratio, 0 - 0.5, IR/'Ro - 0.97 p/oo in the post-flame zone, and

for the worst case, within the flame where the concentrations of CO

and H2 peak, IR/'Ro - 0.93 /po. Furthermore, the calculations show

that the interpretation of the ratios of Rayleigh scattering as the

ratio of densities will be more accurate than the interpretation as

the inverse ratio of temperatures. Therefore, the Rayleigh scattering

measurements made in C2H4-air flames, where - 0.5 and 0.52, were

essentially related directly to density and no corrections were made

for changes in chemical composition through the flames. That is,

within the accuracy of the measurements,

IR/IRo = O/oo  (2.6)

Ij Figure 2.1 shows the test section and Rayleigh scattering optics.

The optical system for Rayleigh scattering is shown in Fig. 2.2. A

Spectra Physics 4-watt Argon ion laser is used as the light source

for both the Rayleigh scattering and LDA measurements. The laser beam
(X 483 rm) is focussed to 40 micron waist diameter by two lenses and

the scattering is collected at 90* from the beam direction by an f/1.2,
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55 mm focal length camera lens. The collection optics had an effective

f number of 2.8. The collected light passes through a SO micron slit,

is collimated, and then filtered by a 1.0 nm band-pass filter centered

at 488 nm. The light is then refocused to the surface of a RCA 931A

type photomultiplier. The photomultiplier output is amplified by an

electrometer with a band-pass of approximately 1 .8 KHz. The photo-

multiplier dark current was - 1% of the Rayleigh scattering signal of

air at 2980K.

Laser Doppler Anemometry

Laser Doppler anemometry (LDA) has become a widely used technique

for measuring velocity, particularly in reacting flows [5,8,19,44-46].

It is essentially an interferometric technique to determine the Doppler

shift in the frequency of light scattered by a moving particle [47].

The LDA system used is of the intersecting dual-beam type with real

, i fringes [48]. The laser beam is divided into two beams by an equal

path length beam splitter with a fixed beam separation of 50 mm. The

two beams are then focused by a 250 mm focal length lens to form the

probe volume. A standing fringe pattern is formed at the intersection

of the beams. When a particle crosses the fringes, it will scatter

light whose amplitude is modulated at the Doppler frequency, vD,

given by

VD *2 u sin(6/2)/X (2.7)
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where A is the laser wavelength, e is the angle formed by the inter-

secting beams and u is the particle's velocity component perpendicular

to the bisector of 6 and in the plane of the two beams.

To employ LDA in gas flows it is usually necessary to seed the

flow with scattering particles. These were generated by a cyclone-

seeder using nominally 0.3 micron Al203 particles. Light scattering

bursts from the particles were collected by a lens, filter and photo-

multiplier assembly and the Doppler frequency was obtained using a

TSI 1090 frequency tracker. A schematic of the LDA system is shown in

Fig. 2.3. Only the streamwise velocity component, u, was measured.

It was found that the most effective way to obtain reasonable

velocity data was by heavily seeding the flow so that the average data

rate from the tracker was greater than 5000 /sec. The tracker output

was sampled at a 1 KHz rate. Since the arrival times of the particles

in the probe volume were Poisson-distributed, when the data rate was

less than 5000/sec., there were significantly long periods of time in

which no particles were recorded. This is Illustrated in Fig. 2.4.

However, for data rates greater than 5000/sec, the tracker output may

then be treated as a continuous signal and individual particle arrival

times did not have to be monitored. In addition, a 500 Hz low-pass

filter was used at the output of the tracker. This cut-off frequency

was about one order of magnitude greater than the frequencies of the

velocity fluctuations of interest in the flow, which were of the order

• Lof the vortex shedding frequencies.

*1 ___
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Vortex Generating Cylinder and Reference Hot Wire

Considerations of the properties of a Krmin vortex street, the

laminar flame propagation speed, and stability and the physical dimen-

sions of the experimental apparatus established constraints on the

range of operating conditions. For instance, two flow velocities and

two cylinders were used to generate the vortex street at different

frequencies. The cylinder diameters were necessarily small (2.0 and

3.0 mm) to maintain the large length-diameter ratios (45 and 30

respectively) needed to obtain, essentially, a two-dimensional flow

field. The flow velocities used were 55 and 250 cm/s. Thus, for

U = 55 cm/s, the Reynolds numbers were 73 and 110 for the 2 and 3 mm

rods respectively. For the flow velocity U = 250 cm/s the 3 mm rod

was used to generate the vortex street. The Reynolds number for this

condition was 500. In order to get stable flame propagation and avoid

flashback or blowoff an equivalence ratio of 0.52 was chosen when

U = 55 cm/s (Re0  73 and 110). The equivalence ratio was 0.5 when

U - 250 cm/s (Re. = 500). Furthermore, as illustrated in Fig. 1.2,

the cylinder had to be placed far upstream of the flame in order to

prevent the flame from attaching itself to the vortex generating

cylinder. This precaution was quite important since the reference hot

wire necessary for phase-locked measurements would be destroyed by the

flame if flashback occurred. The flameholder was a 1.0 mm diameter

rod located at the origin of the coordinate system used. Denoting the

coordinates of the vortex generating cylinder location as (xNocY, xc

was - 25.0 mm and y is tabulated in Table I for each case studied.

I Ir
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In order to make the phase-locked measurements a reference signal

was needed in order to obtain the phase angle of the flow field at any

instant of time. This reference signal was supplied by a hot-wire-

anemometer whose location was fixed with respect to the vortex gene-

rating cylinder. Conventional hot-wire probes could not be used

because conventional probe holders, being comparable in size to the

vortex generating cylinder, would perturb the flame in a similar

manner. A novel hot-wire probe was designed and constructed which

incorporates the cylinder as both a vortex street generator and hot-

wire probe holder. A schematic of the construction is shown in Fig. 2.5

and a top view of the test section and the vortex street generator are

shown in Fig. 2.6. The vortex generating cylinders used were pyrex

tubes. The wire sensor, 0.02 mm diameter gold plated tungsten, was

spot welded to the tips of 0.5 mm diameter platinum wre supports

10 mm apart. The sensor position is fixed at 10 mm above the cylinder

and offset to the side by about one cylinder radius where the fluctu-

ating component of the signal from the sensor was a maximum.

As reported in the literature, it was found that the regularity

of the vortex street was enhanced by reducing three-dimensional end

effects. This was done by putting 2 cm square end plates, made of

cardboard, on the cylinders to isolate the interaction between the

cylinder and the edge of the jet. The end plates and their position

can be seen in the picture of Fig. 2.6.
"I.
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Computerized Data Acquisition

To facilitate the use of the diagnostic system a computerized

data acquisition system based upon a Digital Equipment Corporation

(DEC) POP 11/10 was used. The computer system is operated under DEC

RT-ll using an RK05 disk with 1.25 million (16 bit) words and two IBM

729 magnetic tape drives. The operating system was accessed by a

Tektronix 4025 terminal with graphics display capable of plotting

processed data and a high speed line printer was used for permanent

page plots and data output listing.

The experimental apparatus was mounted on a three-axis traverse

operated by separate stepping motors which were computer-controlled.

Thus the flow field positions could be scanned automatically for

Rayleigh scattering and LDA measurements. Profiles of velocity or

density were obtained by scanning, under computer 'control, in the

y-direction (see Fig. 1.2) for a particular x location. When the pro-

file was completed the test section was moved to a new x location for

the next profile. The distance, in x, between profiles to be used for

phase-locked averaging was 2 mm and there were 18 profiles taken for

each set of conditions. The profiles were started in the region of

reactants. The spacing in the y-direction was 1.5 mm for the velocity

measurements and data was taken at 20 locations in y. For making the

density measurements an adjusting grid was used so that 1.5 mm steps

were taken in the y-direction outside the flame and 0.5 mm steps inside

the flame. To do this the mean signal level from 100 samples was cal-
culated and compared with the mean at the previous location. If the
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mean was less than 8Q% of the previous mean, the test section was

backed up 1 n and the spacing was 0.5 mm until outside the flame when

the spacing was 1.5 Tm again.

Measurements were obtained using an 8-channel, 12 bit A/D con-

verter. Samples may be acquired at a constant sampling rate through

clock control or individual samples may be initiated by a separate

interrupt input by the user. In the latter mode, the time between

samples may continuously be monitored by the clock. Raw data could be

stored in disk memory files or on a 7-track magnetic tape for post-

processing with either the PDP 11/10 or the Lawrence Berkeley Labora-

tory CDC 7600. Figure 2.7 illustrates the computer controlled data

acquisition system for taking LDA measurements.

The hot-wire, described above, supplied the reference signal for

the phase-locked averaging. The reference signal was sampled simul-

taneously along with the LDA tracker or, when making Rayleigh scatter-

ing density measurements, the electrometer output voltage, at a 1 KHz

rate on two channels of the A/0 converter and the data was stored in a

data file. LDA measurements were made by taking 4070 samples at each

location of a two-dimensional x-y grid. For comparison, LDA measure-

ments of the wake with no combustion as well as the Rayleigh scattering

measurements through the flame were made utilizing 2022 samples per

channel per location.

When obtaining Rayleigh scattering data to be used to determine

the power spectrum and the P.D.F., the reference hot-wire was not moni-

tored. For this case the data rate was 1.0, or 2.0 KHz (see Table 1)

"i as required by the vortex shedding frequency for each particular case.

There were 5030 samples per location taken for these measurements.
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CHAPTER 3: DATA REDUCTION TECHNIQUES

Ensemble Averaging Technique

The feature which made this study attractive is the regularity and

the repetitive nature of the K~rm6n vortex street in the wake of a

cylinder. Phase-locked or ensemble averaging is possible and highly

resolved velocity and density fields can be determined as a function

of time or phase. The ensemble average is obtained by averaging measure-

ments at the same location and phase. Thus, for example, the velocity

measurements are reduced from u(x,y,t) to u(x,y,o) and the desnity

measurements are reduced from p(x,y,t) to p(x,y,o), where 0 here is the

phase angle of the flow field and 0 < @ 1.0. (Note that here - does

not signify Favre averaging.)

The basis for ensemble averaging is the reference hot-wire signal

which was used to establish the phase of the flow field. The method

used to perform the ensemble averaging in this study is described below.

Consider a function, g(t), which may represent an oscillating velocity

or density as a function of time at a given location, and which is

sampled at discrete time intervals to generate a set of measurements

g(ti). Further consider a reference function R(t), where R(t) is peri-

odic with mean R(t) = 0. There will be N roots or zero crossings

tn , n=l,..., N, which satisfy R(t 0 ) = 0 and R(to) > 0. Therefore,n n dt

there are N-1 complete cycles whose periods are defined by
Tn = (tn+l - tn). The phase associated with a measurement g(ti) is

0 0
defined by i = (ti - to)/Tn , where tn 4 ti 4 tn+ and 0 < i 1.0.

Thus g(ti) can be replaced by gn(0i) which is the value of g at =

1 n ... i., . .
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of cycle n. The ensemble average was thus calculated for 20 equally

spaced values of the phase angle ti, j = 1,20, from

N-1 (3.1)

n=l

where M is the number of measurements averaged and r = 1 if

Dj-0.025 < i < ¢.+0.025 and r = 0 otherwise. The number of samples

averaged at each phase angle M, may be estimated by dividing the total

number of samples by 20. However, since the sampling rate is uncorre-

lated with the vortex shedding frequency, M can vary slightly for

different values of D and must be determined exactly for use in (3.1).

In order to insure that there were no significant irregularities

in the vortex street, data is only considered when the cycle period,

Tn is within 10% of the average period, TAIJ. In general, the amount

of data rejected by this criterion was small.

-((j can be smoothed further by a truncated Fourier series

[cf. Ref 343 by defining

2
= {Am cos(2,rm< r + Bm sin(2-rnm)) (3.2a)

M=o

whe re A m 
= ? g(1) )s i n (2-rmj &D (3.2b)

20

Bm : 2 20 g )sin(27m(D)6 (3.2c)
j=-1

and & = 0.05 (3.2d)

.I

. i . . __l
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With such an averaging technique at every point on a two-dimensional

x-y grid such quantities as u(x,y,f) and p(x,y,D) may be found. A

convenient way to present these are by plotting lines of constant G or

p for various values of D, thus reproducing a series of detailed

"snapshots" of the flow field.

Time Series Analysis

A time series analysis of the Rayleigh scattering data was performed

in which statistical moments, power spectra, and probability density

functions were calculated. Standard algorithms were used as discussed

in [49,50]. The mean and RMS densities were calculated from the data,

corrected for instrument noise as well as background signal as des-

cribed below in te section entitled Noise Removal. The power spectra

were calculated using a fast-Fourier transform routine from the

library of the Lawrence Berkeley Laboratory CDC 7600. These were cal-

culated from 4096 samples and yielded 2048 spectral points. To

increase accuracy the 2048 spectral points were grouped into 64

groups of 32 points each and an average was obtained for each group.

The resolution is thus decreased by a factor of 64 while the accuracy

increased by V3_74. The P.D.F. was obtained by forming a histogram from

the data. The histogram consisted of 60 equally spaced bins between

the minimum and the maximum of the data. The spectra and P.D.F. from

the Rayleigh scattering from cold reactants and hot products are shown

in Figs. 3.1 and 3.2 respectively. It should be noted that neither was

corrected for background or PMT noise, but were corrected for scattering
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from occasional particles.

Noise Removal

There were various sources of noise in both LDA and Rayleigh

scattering measurements which had to be removed. This noise is due

to the statistical variations in photon arrival rates as well as

general instrument noise in the PMT, electrometer, and LDA tracker.

For the velocity measurements the noise may be assumed to be

uncorrelated with the vortex shedding frequency. Therefore, the mean

and RMS velocities can be accurately determined directly from the

ensemble averaged results. Therefore, no further analysis for the

removal of noise was performed on the LDA velocity data.

In the case of Rayleigh scattering, the variance of the noise of

the photomultiplier is proportional to the mean current r5]. There-

fore at the beginning of each profile, photomultiplier fluctuations

in the free stream outside the flame were recorded. Since no density

fluctuations exist at this location, the signal's variance is due

primarily to photomultiplier noise. Then at other locations this

variance, adjusted for change in the mean current level of the photo-

multiplier, is subtracted from the total signal variance. For example,

consider the total signal intensity, ITs consisting of Rayleigh

scattering, IR , and photomultiplier noise, IN. Then

"I T =I R + I N (3.3)
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Since the average noise, IN' is zero,

T R (3.4)

From (3.3)

and since IR and IN are uncorrelated, the quantity IRI m 0. By intro-

ducing the fluctuating component I' such that

I = + '

eqns. (3.4) and (3.5) yield

2 2 + 12 (3.6)

The P.D.F.'s of the Rayleigh scattering signal for (a) cold reactants

and (b) hot products are shown in Figs. 3.2. For these conditions

there are no density fluctuations. Since these P.D.F.'s are not

corrected for PMT noise, the broadening is due solely to this noise,

IN It can be seen that the broadening is greater for the cold

reactants, where the total signal is larger, than for the hot products.

From [5] IN is proportional to IT' hence

4- ___ _ _
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N N0 ('?T0

The variance of the Rayleigh scattering signal from (3.6) and (3.7) is

i2 2 ~ -
IT I N ITT 0) (3.8)

In addition to the PMT noise the Rayleigh scattering signal may

be contaminated by unrelated background light, the PMT dark current,

and'light scattered from occasional particles in the flow which is

picked up by the collection optics. The background intensity plus the

PMT dark current were wemoved by substracting the average signal when

the collection optics was moved + 0.6 mm in order to allow the slit

to block the light scattered directly from the laser beam. This back-

ground level was : 3% of the Rayleigh scatterinq intensity. The

signal level rose by one or two orders of magnitude when a particle

was present in the probe volume. During post-processing, if a sample

was more than 3.5 standard deviations from the mean, the datum was

assumed to be due to a particle and the value was reset to the value

of the previous sample. If the value of the first sample was due to

a particle, it was reset to the mean. The number of particles were

• 2% of the total number of samples and did not affect the mean, but

would have significantly affected the RMS, P.D.F., and spectra, unless

these were corrected for scattering from the particles.
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CHAPTER 4: RESULTS AND DISCUSSION OF VELOCITY MEASUREMENTS

The streamwise velocity component, u, was measured using LDA for

three cases: a) in the wake of a 2.0 mm cylinder, b) through a flame

in the wake of a 2.0 mm cylinder, and c) through a flame in the wake

of a 3.0 mm cylinder. Presented here are the mean and standard devi-

ation (RMS) of u along with contour plots of the smoothed ensemble

averaged velocity field.

Mean and RMS

A typical velocity profile across the wake of a 2.0 mm cylinder

is shown in Fig. 4.1. The velocity profile across the wake of a

cylinder is characterized by the defect in the mean velocity which is

associated with the drag on the cylinder. For example, in Fig. 4.1

the non-dimensionalized mean velocity, T/U = 0.75 at the center of

the wake, which is located at y = 12.5 mm. The profile of the fluctu-

ating intensity of velocity, (u'2)1/?/U, across a Kirmin vortex street

texhibits two peaks whose locations are associated with the centers of

the two rows of vortices. In Fig. 4.1 these peaks are located at

y - 7.5 and 17.5 mm. Therefore the lateral spacing of this vortex

street, h, is 1O mm (see Fig. 1.1). The maxima in fluctuation inten-

sity are essentially equal for the two rows and are about 0.07. This

agrees quite well with measurements obtained by Refs. [34,35].

Mean and RMS velocity profiles across a flame in the wake of 2

and 3 mm cylinders are shown in Figs. 4.2(a) and (b) respectively.

" 'I -. . ."
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Starting at y - 30 mm T/U 1.0 and the velocity fluctuations are

nearly negligible. At y 25 nn the mean velocity is decreasing and

the fluctuations reach a local maximum which, from the above discus-

sion of Fig. 4.1, indicates that the wake has been deflected about

7.5 nn to the right. Recall that for the cases represented in Figs. 4.1

and 4.2 the vortex generating cylinder is located at y = 12.5 mm. The

deflection of the wake, and hence the flow upstream of the flame is

due to the pressure drop across the flame which is necessary to

accelerate the flow behind the flame. These data indicate that the

pressure drop across the flame significantly affects the approach flow.

Although the pressure drop across a flame is small compared to atmos-

pheric pressure, it is large in comparison to the dynamic head of the

approach flow. To estimate the pressure drop across a flame, consider

a one-dimensional flame. From mass continuity

( u u = Pb Ub = M (4.1)

and from conservation of momentum the pressure drop across the flame is

Aub P u u2  (4.2)

With eqn. (4.1) this becomes

A - I(4.5)

Uu b
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The right-hand side of eqn. (4.3) is equal to T from eqn. (1.3) and

T = 4 for the conditions studied here. Since values for T of 7 and 8

are common, it is clear that the pressure drop through a flame is not

insignificant compared to the dynamic head. Comparison of the change

in pressure across the flame with the static pressure is not appropri-

ate except in order to justify neglecting variations of thermodynamic

properties with pressure. Clearly the effect of combustion on the

flow field upstream of the flame must be accounted for since this flow

will in turn affect the combustion process. The present study along

with [16-18] throw doubts on conclusions and models, such as the con-

cept of flame-generated turbulence (see Refs. [1,15-18,38]), based

on theories and data which do not take pressure variations into account.

In contrast, the treatment and modeling of the flame proposed by

Chorin [51] and used in [27], [28] and [52] does account for this

interaction. In these studies the flame is modeled as a sheet which

convects with and propagates into the flow. The effect of combustion

on the flow field is modeled by representing the flame by a line

source of specific volume. Thus the decrease in density, the accele-

ration of the flow, and the pressure field are correctly modeled.

* At y = 12 mm in Figs. 4.2 the velocity exhibits a sharp rise and

the non-dimensional RMS velocity increases to - 0.15. This indicates

the presence of a fluctuating flame at this location. Equation (4.1)

indicates that as the density decreases through the flame the velocity
must increase. The large value for the RMS velocity at the flame is

due to an Eulerian effect when the flame fluctuates across the probe

volume and should not be construed as flame-generated turbulence.
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Behind the flame Cy 7 mm in Figs. 4.2) the velocity fluctuations

become very small but the mean velocity continues to increase. This is

because when the flow is accelerated across a flame, the acceleration

is in the direction normal to the flame. For the type of flames

studied here, this implies a significant acceleration inward in the

cross-stream direction. If the x-axis (y = 0) may be considered to be

an axis of symmetry across which no flow can oass, the cross-flow must

be diverted parallel to the x-axis (in a fashion similar to stagnation

flow) and a further acceleration behind the flame is observed.

A series of mean velocity profiles at various streamwise, x,

locations across flames in the wake of a 2 and a 3 mm rod are shown in

Figs. 4.3(a) and (b) respectively. The features discussed above are

demonstrated in these figures. For example, the location of the velo-

city defect due to the wake is centered at y = 15 mm for x = 10 mm and

at y = 22 mm for x = 30 mm. Furthermore, the flame location, associ-

ated with the large velocity gradients goes from y = 5 mm at

x = 10 mm to y = 22 mm at x = 40 rm. The additional acceleration

behind the flame due to the stagnation type flow is also observed. In

addition, the linear behavior of u-/U with x which is predicted by a

simple stagnation flow solution is found, for example, at y - 1.5 mm.

An alternative representation of the mean velocity profiles can be

obtained by plotting contours of constant mean velocity as a function

4 of x and y. This is also usefull since the phase-locked results will

be presented in this manner as well. Figures 4.4(a) and (b) show con-

tour plots of the mean streamwise velocity component, in cm/s., for

the flame in the wake of a 2 and a 3 mm rod respectively. The center
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of the wake is indicated by the low velocity region. The flame loca-

tions or shape is not clearly defined in these pictures because the

manner in which the flow accelerates behind the flame does not lead to

a sharp interface between reactants and products. Rayleigh scattering

measurements will more accurately define the wrinkling of the flame.

However, the flame location is indicated by the region of largest flow

acceleration, therefore, the contours are densely concentrated at the

flame. Behind the flame the flow continues to accelerate. Because of

the range of velocities encountered, contour intervals were 2 cm/s

ahead of the flame and 5 cm/s behind the flame.

Phase-Locked Analysis

In order to determine what an ideal vortex street would look like

when represented by contours of the streamwise velocity, u, contours

were computed for the ideal vortex street in Fig. 4.5a and are shown in

Fig. 4.5b. It can be seen that each vortex is represented by a paired

structure consisting of a high and a low velocity center. This is

because the vortex retards the flow in the center of the street and

augments it on the outside. Figure 4.6 shows the wake of a 2 mm cylinder

at four phase angles, t S T/TAU. The vortex shedding frequency was

34 Hz and the convection velocity of the vortices was 50 cm/s. TAU, the

average period is the reciprocal of the vortex shedding frequency.

In Fig. 4.6 the paired high-low structures are more irregular than

was found for the ideal vortex street in Fig. 4.5. Although the data

is smoothed in time by the ensemble averaging, a suitable smoothing

41__, lI
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function in space that was general enough to handle an arbitrary effect

due to a flame at arbitrary location was not found. Since such smooth-

ing in space was not feasible for measurements across the flame, it was

deemed inappropriate to further smooth the data for the wake of cylinder

in the absence of a flame. Therefore, some irreqularities in the "snap-

shots" of the velocity field are to be expected. Nevertheless, the

phase-locked averaging technique is capable of reproducing the two-

dimensional flow field as a function of the phase angle.

A parameter in the calculations in r27,521 is the strength of the

vortices in the vortex street. From the contours of u the vortex

strength, <, produced in the experiment can be estimated for each case

studied here. For a potential vortex the strength, K, is defined as

K= r u9(r) (4.5)

where r is the distance from the center of the vortex and ue(r) is the

velocity induced by the vortex at r. If K is constant ue(r+O) .

Therefore, a real vortex must depart from the ideal behavior for

r < Rcrit. It is reasonable to expect that the ideal and non-ideal

regions should match at r = Rcrit. Here it is assumed that the high

and low centers of a vortex occur at r = Rcrit and (4.6) is applicable

there. From symmetry considerations Rcrit is one half the distance

between the high and low centers and the convection velocity, which must

be subtracted from u to obtain u., is the average of the velocities of

the high and low centers in the vortex. From this model the values of

K = 2.5 and 6.0 are obtained for the vortices from the 2 and 3 mm cylinder,

respectively. These values are comparable to those used in [521. In
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light of this it is interesting to note that the flame oscillations

calculated in r52] were not as large as those measured here. This point

will be discussed in detail later in Chapter 5.

A series of "snapshots" of the flow field are shown in Figs. 4.7

and 4.8 for the flame in the wake of a 2.0 and 3.0 mm rod respectively.

These consist of constant velocity contours at a given phase angle as

obtained from the phase-locked averaging. In these figures the vorti-

ces are less clearly defined than in Figs. 4.5 and 4.6. This is pri-

marily a consequence of the fact that the acceleration of the flow at the

flame precludes local highs and lows. The identity of the vortices on

the side of the wake furthest from the flame is maintained to a greater

degree than for the vortices partly in the flame. In addition, there

is no evidence of the vortices behind the flame. Again, this is due,

in part, to the continued acceleration of the flow behind the flame

which precludes the local highs and lows observed in Figs. 4.5 and 4.6

as well as ahead of the flame in Figs. 4.7 and 4.8. Nevertheless,

since the difference in velocity between the high and low centers in an

eddy is 20-25 cm/s. for the two cases, one might expect to see some

indication of the vortices beyond the flame since the contour level is

only 5 cm/s. in this region. However, no evidence of the vortices was

observed beyond the flame and it appears that the vortices were

consumed" by the flame. This is due to a combination of dilatation or

stretching of the vortices in the direction normal to the flame, as

well as the increase in the dissipation rate due to increased viscocity

behind the flame. The kinematic viscosity, j, varies approximately

as T3/2 in the temperature range of the experiment. Since the temper-

ature increases by a factor of 5 across the flame, the rate of dissipation

N

.4 .. . .. -,, n -i, |
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is 11 time greater behind the flame than ahead of it.

To estimate the effect of increased dissipation consider a vortex

2
of strength K = 5 cm /s. and Rcrit = 0.3. Hence from (4.6) the velo-

city induced by a vortex at r = Rcrit is u CRcrit) 15 cm/s.

Schlichting [531 the solution for the decay of a vortex through the

action of viscosity is

ue(r't) = {l - exp(-r 2/4vt)} (4.7)

Neglecting the effect of dilatation consider the time it takes for the

velocity induced by the vortex at r = 0.3 cm to become small enough so

that the vortex cannot be observed in the contour plots. The contour

intervals behind the flame are 5 cm/s. and are ~ 0.1 cm apart. There-

fore, for the vortex to be observable it would have to induce a velo-

city ue = 10 cm/s. Using a value for v of 1.68 cm2/s. (4.6) gives

t = 0.014 sec. If the characteristic convection velocity is 75 cm/s.,

the vortex will have travelled about 1 cm before becoming undetectable.

The velocity contours at about 1 cm beyond the flame are still affected

by the unsready behavior of the flame. By the time a vortex is suffi-

ciently far from the flame so that the velocities induced by the

vortex can be discriminated from the velocity fluctuations induced by

V Lthe flame, the dissipation has reduced the velocities induced by the

vortex to the point where they cannot be observed. As mentioned earlier,

"-r
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dilatation will further reduce the gradients in velocity induced by

a vortex.

pA
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CHAPTER 5: RESULTS AND DISCUSSION OF DENSITY MEASUREMENTS

Time Series Analysis

A typical density profile through a flame obtained, as described

in Chapter 3, from Rayleigh scattering measurement is shown in Fig. 5.1.

All densities are normalized by the density of the reactants at room

temperature. Recall that the flameholder is located at y = 0. The

flame is identified by the gradient in mean density seen here in the

region 20 < y 30. Note that the ratio of the burned gas density to

the unburned gas density is 0.2 and, therefore, from eqn. (1.3) T 4.

This is also the region where large density fluctuations are found as

a consequence of the flame fluctuations. It can be noted that the peak

in density fluctuations occurs at approximately the location where the

mean density is one half the unburned gas density. Figures 5.2 and 5.3

illustrate the evolution of the mean and RMS density profiles, for the

various conditions studied, as a function of streamwise location, x.

Thickening of the flame with increasing x is seen in both the mean and

RMS profiles. The flame thickness for the undisturbed flames (no

vortex street) is - 1.0 mm as determined from Rayleigh scattering

profiles. The formation of what could be termed the flame brush is

apparent from these profiles. Furthermore, the mean position of the

flame is altered when the vortex street is introduced. This may

be seen in Figures 5.4 and 5.5. For the two cases of lower

vortex shedding Reynolds number (Re = 73 and 110) the mean flame posi-

tion is observed to move upstream from its undisturbed location. For

Re0 = 500 the effect of the vortex street on the flame is much more

pronounced. The flame brush becomes much th4cker and is approximately

a'
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20 mm thick. Surprisingly the mean flame position is downstream of

the undisturbed flame. This may be due to a change in the nature and

character of the flow in the vicinity of the flameholder when the vor-

tex street is introduced. However, this cannot be determined from

the available data.

A summary of the Reynolds number, Strouhal number, and the vortex

shedding frequency for the conditions investigated is given in Table 2.

Power spectra of density fluctuations are shown in Fig. 5.6. Table 2

and Fig. 5.6 show that for all three cases the peak in the spectrum of

density fluctuations correlates fairly well with the vortex shedding

frequency. The discrepancies are not unreasonable considering the

scatter in the data of [35]. Additional power may also be seen at the

double frequency.

As discussed in Chapter 1, the Favre averaged reaction progress

parameter, c, may be determined at each location from the mean density,

T. The Favre averaged density can also be computed from the measure-

ments of density. These can be compared with the values of p/-p and

(p21/P u calculated from eqn. (1.5). The theoretical evolution of

the density fluctuation with c were computed from eqn. (l.5b) for

T = 4.0. The experimental results are plotted in Figs. 5.7 and 5.8.

For all conditions the theory overpredicts the fluctuations in density.

The maximum fluctuation intensity is overestimated by - 10% for the

lower Reynolds number cases. This overprediction is not too severe and

the fluctuations in the flame can be modeled with reasonable accuracy

by the wrinkled-laminar flame model and by neglecting intermediate

states. However, for Re0  500, when the flame brush becomes 20 mm

V!
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thick, the flame consists of a distributed reaction zone and interme-

diate states cannot be neglected. If they are neglected as in (l.5b),

the maximum density fluctuation intensities are overpredicted by - 30%.

The effect of neglecting intermediates on the prediction of the Favre

averaged density, P, can be seen in Fig. 5.9. For example, eqn. (l.5a)

overpredicts P/T by - 10-20% at c= 0.5 for the conditions of this

experiment. Recall that

: 1 + (I1.5a)

p P

so that (I/) - 1 also represents the square of the fluctuation inten-

sity normalized by the square of local mean. Again the theoretical

predictions of the Bray-Moss-Libby (B-M-L) model are larger than the

measured values of P/o. This indicates that the form of eqns. (1.5a)

and (l.5b) will be altered by including intermediates in the analysis

following the B-M-L model. For example, one might hope that an effec-

tive heat release parameter, T, could be found to correlate the data

in Figs. 5.7-5.9. However, this was not possible and an analysis based

on more realistic probability density functions is required.

To aid in the search for a more realistic- P.D.F., it is worthwhile

to analyse the measured P.D.F.'s to determine their evolution through

the flame and the implication of their behavior in regards the B-M-L

fl model. It is helpful at this time to review certain aspects of the

B-M-L model. The Favre-averaged reaction progess parameter, c, may

still be obtained from eqn. (1.4), i.e.:

• u  : (I + T )(1.4)

The average of a quantity q may be obtained from

I
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q q P(r,c)dc (5.1)

where now

P(r,c) = a()(c)+6( )5(c-l)+E(c)-n(c-l)]y( )f(c) (5.2)

The functions 6(c) and n(c) are the Dirac delta and Heaviside functions,

respectively. The coefficients c(r), (r) and y(') represent the

reactant, product, and intermediate probabilities respectively and

f(c) is a continuous function of product mass fraction through the

flame. Then it follows that

J f(c)dc : 1 (5.3)

and

a() + a(r) + y(r) = 1 (5.4)

The above development is from Bray and Moss [39]. Since c(6), B(r) and

y( ) are not generally known, the integral in eqn. (5.1) becomes difficult.

It is convenient to use c as the independent variable and present the

data accordingly, so that the spatial dependence of a, 6, and y are

replaced by a dependence on c. It remains for this dependence to be

determined. This is easily done by analyzing the P.D.F. of density at

various locations in the flame and calculating c from eqn. (1.4) for

those locations. To illustrate, a P.D.F. is shown in Fig. 5.10. The

probability of reactants, a, is determined by comparing with the P.D.F.

for 100% reactants (see Fig. 3.2). A similar comparison with the P.D.F.
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for 100% products yields the value of B. y is then obtained from
eqn. C5.4). The evolution of the P.D.F. with c for the conditions

summarized in Table 2, are shown in Figs. 5.11 to 5.13. Although not

apparent (due to scaling restrictions) there are values of c for which

the probability of intermediate states is significant. This can best

be seen in Figs. 5.14a, b, and c, where the values of a, 6, and y are

plotted as a function of c for Re0 = 73, 110, and 500, respectively.

As can be seen from Figs. 5.14a and b, the value of y can get as high

as 0.4 or 0.5 in the flames for ReD = 73 and 110. This means that at

some locations in the flame the probability of encountering inter-

mediate states can be 40 or 50%. Recall that these are the conditions

most likely to correspond to a wrinkled-laminar flame and hence the

flame sheet approximation is best applied here. The data shown in

Fig. 5.7 for these cases indicated that the flame'sheetapproximation

is a fairly good assumption to make for the purpose of predicting den-

sity fluctuation intensities. An upper bound on expected fluctuations

which is not too far from the actual fluctuation level can be obtained.

However, for the case of a distributed reaction zone which corresponds

to ReD = 500, y can reach 0.8 and the probability of encountering inter-

mediates is as high as 80%, more than both products and reactants. The

flame sheet model here is a poor predictor of statistical properties in

the flame, which consists of a distributed reaction zone. This conclu-

sion is in complete agreement with the expectation of Bray and Moss

[39] as quoted earlier. It is curious that subsequently Bray and Libby

[38] state that "in situations of practical interest ... the premixed

turbulent flame will consist of 'packets' of unburned and fully-burned
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gas, separated by narrow reaction zones, and the probability of reac-

tion, y, will be small compared to unity." This seems to be contrary

to the observations in this investigation. It was found here that for

the more highly turbulent flame y is not negligible but may be greater

than either a or 6.

Phase-Locked Analysis

The application of the ensemble averaging technique described in

Chapter 3 has enabled the reconstruction of the density field from a

series of point measurements. The most important information to be

obtained from this analysis is an understanding of the geometry of the

wrinkling of a flame insofar as it is useful to the modeler. In the

previous section it was shown that the wrinkled-laminar flame model

and the flame sheet approximation may be appropriate for the cases of

low vortex-generator Reynolds number, ReD = 73 and 110. Therefore, it

appears reasonable that the flame for these conditions may be treated

as a flame sheet which is located at the position where the density is

one half the unburned gas density. The effect of the eddies is to

wrinkle this flame sheet. The wrinkling of this flame sheet can be

seen in Figs. 5.15 a and b for vortex-generator Reynolds numbers of 73

and 110 respectively. The formation of a flame brush resulting from

the fluctuations of the flame is readily apparent. A comparison of

the two figures shows that the wrinkling is more severe with vortex gene-

rator Reynolds number ReD = 110. For both Reynolds numbers a portion

of the flame becomes normal or nearly normal to the streamwise direction, x.
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The flame brush is comparatively thin in this region. This is attri-

buted to the interaction in this region with the center of the Kgrm~n

vortex street where the mean velocity and the velocity fluctuations

are lowest. Recall from Table 1 that the location of the cylinder

which was used to generate the K~rm~n vortex street is (xcYc (-25,12.5).

As shown by the velocity data the flow field upstream of the flame and

hence the vortex street, has been deflected. Where the center of the

vortex street passes through the flame corresponds to the region of the

flame where it becomes nearly normal to the streamwise direction, x.

A qualitative comparison between the data reported here and the

calculations in [521 can be made. Although the problem addressed in

[52] is similar to the one studied experimentally here, there are dif-

ferences in details which make direct quantitative comparisons diffi-

cult. For example, the calculations in [521 are for an enclosed or

ducted flame whereas the measurements made here were for an unconfined

flame. In addition, the vortex shedding frequency in [52] was 50 Hz

as opposed to - 25-30 Hz found in this experiment. The vortices in

[52] were not allowed to be altered by the flame but were found to be

"consumed" in the present study. Mevertheless, the flow velocities, U,

the vortex street separation, the strength of the vortices, and the

laminar flame speed used in the calculation in r521 were similar to the

experimental values. Finally, the value of the Markstein parameter, U,

for different flames is not well documented and the choice is rather

arbitrary. However, [21-23] suggest that ji = 1 is a reasonable value

V Lfor most flames and that was the value used in [52] to calculate the

flames in Fig. 5.16 which shows the flame at five different phase

4]
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angles. By comparing Figs. 5.15 with 5.16 the models used in [52]

may be evaluated. First it is apparent that the measured and calcu-

lated flames do not resemble each other in the vicinity of the flame-

holder (located at the origin). This suggests that a better model for

the behavior of the flame in the vicinity of the flameholder is needed,

perhaps by an adjustment of the flame speed or the density ratio across

the flame. This is reasonable since flame stabilization is, at least

partly, accomplished by heat transfer to the stabilizer or flameholder.

A more important discrepancy between the measured and calculated

results is that the numerical method employed in [27] and [52] does

not allow the flame to be double-valued in the cross-stream coordinate,

y. From Fig. 5.15 it is clear that the measured flames can become

double-valued in y. Therefore, it is suggested that a more general

descriptivr of the flame be adopted. For example, numerical instabi-

lities which might occur when the flame tries to become multi-valued

would be avoided by representing the flame surface with a function of

both x and y. As a consequence of the simplified representation of

the flame, a flame brush as thick as observed in Fig. 5.15 will not be

obtained.

Overall, however, the data presented here indicates that the

techniques described in [27,28,51,52] show promise of being capable of

predicting turbulent flame behavior correctly.

I

'I _
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CHAPTER 6: SUMIARY AND CONCLUSIONS

Rayleigh scattering and LDA have been used to make non-intrusive

space and time resolved density and velocity measurements in a flame

interacting with a Kirmin vortex street. The vortex shedding Reynolds

numbers were 73, 110, and 500. Phase-locked measurements of velocity

and density were only made for Re0 = 73 and 110. The velocity measure-

ments show that the flow is deflected upstream of the flame due to the

pressure drop across the flame. This pressure change is significant

in comparison to the dynamic pressure of the flow and cannot be neglec-

ted except in order to neglect variations of thermodynamic properties

with pressure. In addition, there is evidence that the vortex street

does not persist beyond the flame. It is indicated that the eddies

in the vortex street are "consumed" in the flame by a combination of

dilatation and increased rate of dissipation, which is 11 times greater

behind the flame than ahead of it for T = 4.

Spectral analysis of the Rayleigh scattering density measurements

confirm that the dominant flame fluctuations occur at the vortex

shedding frequency and its harmonics. The statistical properties of

the density fluctuations were compared with the Bray-Moss-Libby model.

For all cases the B-M-L model overpredicted density fluctuation inten-

sities. The worst case was for the vortex shedding ReD = 500 where

the maximum was overpredicted by about 30%. In this case, the flame

consisted of a distributed reaction zone and not what could be described

as a wrinkled-laminar flame or a flame sheet. The overprediction of

% density fluctuation intensities was not too severe for Re, = 73 or 110

where a wrinkled-laminar flame model and the flame sheet approximation

., . n 1 , ,



43

may be more valid. In the comparison between the measured and predicted

values of the ratio of the Favre-averaged density to the mean density,

p/o the maximum deviation was about 10-20%. Probability density func-

tions of density were computed. From these the probabilities of

products, reactants, and intermediates were determined. The probabi-

lity of intermediates in the flame were found to be significant for all

the cases studied. The maximum probability of intermediate states was

40% for Re0 = 73 and 110 while for Re0 = 500 the probability was

found to be as high as 80%. It is clear that the flame sheet approxi-

mation used in the B-M-L model which neglects intermediate states, is

not satisfactory and more realistic P.D.F.'s are required. More experi-

mental data are required on the evolution of the P.D.F. for flames for

different turbulent flows, in order to construct an appropriate model

for flames in which significant intermediates are Dresent.

Comparison of the phase-locked ensemble averaging of the time

varying flame location with the calculations carried out in r521 show

reasonable qualitative agreement. Suggestions for improving assumptions

and the choice of parameters have been made. These include the use of

a more general representation of the flame position. In addition,

the flame behavior near the flameholder must be more accurately modeled.

Finally, a better representation of the vortices is required if their

consumption" by the flame is to be predicted. Nevertheless, some

qualitative agreement was found and the effect of the pressure drop

across the flame was accurately predicted.

r
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TABLE 2

U D ReD  St  ft fs f

(cm/s) (mm) (Hz) (Hz) (Hz)

55.0 2.0 73 0.143 39 23 ± 4 30 ± 2

55.0 3.0 110 0.171 31 23 ± 4 2A ± 2

250.0 3.0 500 0.205 171 171 ± 8
I17

U = Flow velocity

D = Diameter of vortex generatinq cylinder

ReD = UD/v = Reynolds number of vortex generating cylinder based on

the viscosity of the reactants at room temperature

St = Strouhal number from the correlation in r35 1

ft S tU/D= Vortex shedding frequency based on St

f = Vortex shedding frequency from spectrum of Rayleigh scattering

f = Vortex shedding frequency from the reference hot-wire

F
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